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Abstract Because of the impressive evolution of the drug-

resistant bacteria, the development of efficient, antibiotic-

free agent is in great urgency. Herein, an efficient antibac-

terial agent, CuS@HKUST-polydopamine (PDA), was

exquisitely designed, where the Cu-based metal-organic

framework (MOF)—HKUST nanoparticles served as the

porous frame, and the CuS was synthesized within the

structure of the MOF through the process of in situ sulfura-

tion, followed with polydopamine (PDA) covering the

nanoparticles. The structure of the HKUST preventing the

aggregation of the CuS nanoparticles, which improved their

photothermal and photocatalytic properties. After covering

with PDA, the nanoparticles’ abilities to produce heat and

free radicals were further enhanced. This was because that

the PDA itself could transform light into heat, which not only

benefited the photothermal property, but also improved the

photocatalytic property of the nanoparticles by accelerating

the charge mobility. Moreover, the PDA could also transfer

the photo-induced electrons fast and thus prevented the

recombination of the photo-generated electron–hole pairs,

which resulted in the enhanced ability to produce free radi-

cals. As a result, under light irradiation, the antibacterial

efficiency of the CuS@HKUST-PDA against Staphylococ-

cus aureus (S. aureus) and Escherichia coli (E. coli) could

reach 99.77% and 99.57%. Hence, the synthesized

CuS@HKUST-PDA can be promising for anti-infection and

sterilization application without using antibiotics.

Keywords Antibacterial; CuS; Polydopamine (PDA);

Photothermal; Photocatalytic; Metal-organic framework

(MOF)

1 Introduction

Pathogenic bacteria exist everywhere in people’s daily life, and

always threaten people’s health, even lives by polluting the

drinkingwater, contaminating thewound healing environment,

etc. [1, 2].Alongwith the discovery of antibiotics, people found

our way to defeat against these bacteria. However, in recent

decades, because of thewide and immoderate useof antibiotics,

the drug-resistance bacteria gradually appeared in the daily life

[3, 4]. Some of these drug-resistance bacteria even could ignore

the attack from the latest generations of penicillin and cepha-

losporins and become deadly to people again [5]. In order to

slow the evolution of the drug-resistance bacteria, the devel-

opment of some new, effective and non-antibiotic bacteria-

killing methods is in great demand.

Under light irradiation, some materials could produce

lots of heat and free radicals, and these photothermal and
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photocatalytic materials could help with energy storage,

environment cleaning, treatment of disease, etc. [6, 7]. In

the field of bacterial killing, the photothermal and photo-

dynamic treatments have also been attracting more and

more attentions [8–11], because they are environmentally

friendly, nondestructive. And these MOF materials are also

suitable for a variety of situations, such as environment

cleaning [11], wound healing [12], and gas separation [13].

CuS, as a kind of semiconductor photosensitizer, not only

could absorb light and produce heat through the d-d*

transition and plasmon resonance, but also could produce

free radicals under light irradiation, which shows great

potential to act as a photosensitizer to kill bacteria. Fur-

thermore, the CuS nanoparticles are also cheap, easy to be

synthesized, and chemically stable, so they have attracted

considerable attentions [14]. However, the pure CuS

nanoparticles are easy to gather together, which decreases

their photothermal and photocatalytic properties and finally

leads to the decreased antibacterial property [1, 15]. So, it

is necessary to design effective carriers to prevent the

aggregation of the CuS nanoparticles, thus guaranteeing

their high ability to produce heat and free radicals.

HKUST, a kind of Cu-based MOF, has been used in many

fields because of its high thermal stability, low cost, easy

preparation method, and regular 3D structure [16]. Through

sulfuration [15], the Cu ions within the MOF could be

easily transformed into CuS in situ. So, the HKUST is

suitable to be the platform for CuS.

However, the CuS@HKUST nanoparticles are poor in

dispersibility, and easy to sink when deposited in water

[15], which goes against the nanoparticles’ antibacterial

property. And polydopamine (PDA), as a kind of natural

melanin, has always been used to improve the dispersibility

and biosecurity of basic materials [17, 18]. Moreover, the

PDA could also absorb light and produce heat, which

evidently benefits the photothermal property of the

nanoparticles. Furthermore, the PDA has also been widely

used to improve the photocatalytic property of materials by

fast transferring the photo-induced electrons. Considering

all these in mind, we attempt to design a kind of effective

antibacterial agent through covering the sulfuretted

HKUST nanoparticles with PDA.

Herein, we synthesized an antibacterial agent,

CuS@HKUST, through the simple method of in situ sul-

furation, where the CuS nanoparticles were imbedded

within the 3D structure of HKUST. Moreover, PDA was

used to modify the surface of the nanoparticles. In this

system, the CuS nanoparticles could produce heat and free

radicals under light irradiation. And the PDA could

improve both the photothermal and photocatalytic proper-

ties of the nanoparticles synthesized, with the reasons listed

in the following. Firstly, the PDA could improve the dis-

persibility and light absorbance of the nanoparticles, which

benefited the photothermal and photocatalytic properties of

the nanoparticles. Furthermore, the PDA could produce

heat under light irradiation, which also helped the pro-

duction of heat. Meanwhile, the more heat produced could

accelerate the carrier mobility and thus improved the

photocatalytic property of the nanoparticles. Moreover, the

PDA could also enhance the photocatalytic property of the

nanoparticles by transferring the photo-induced electrons,

which resulted in the separation of the holes and electrons.

Therefore, when exposed to light irradiation, the material

showed great broad-spectrum antibacterial property

because of the synergistic effect of the heat and free radi-

cals produced.

2 Experimental

2.1 Materials preparation

As a simple and easily controlled method, the solvothermal

method was used to synthesize the Cu-based MOF material

(HKUST), HKUST after in situ sulfuration (CuS@H-

KUST) and CuS@HKUST covered with polydopamine

(CuS@HKUST-PDA).

HKUST nanoparticles were synthesized according to the

previous report [15]. 7.74 mmol Cu(NO3)2�3H2O and

4.28 mmol 1,3,5-benzenetricarboxylate (BTC) were,

respectively, weighted and then dissolved in the mixture of

deionized water, ethanol and dimethylformamide (DMF) at

the volume ratio of 1: 1: 1 (15 ml deionized water, 15 ml

ethanol, and 15 ml DMF). In order to guarantee that the

agents added were fully dissolved, the mixture was soni-

cated for 20 min. After that, the clear solution was kept in

an oven with the temperature set to 70 �C. And 7 h later,

the resultant solution was cooled to room temperature, with

the blue powder, HKUST nanoparticles, collected after

centrifugation, washing and drying.

In order to synthesize CuS@HKUST, 0.40 g HKUST

powder was immersed in 40 ml ethanol. After that, 0.60 g

thioacetamide was added into the above solution. Then, the

mixturewas being kept inwater bath for 4 h (the temperature

was set to 30 �C), with stirring. Then, the sediment was

collected after centrifugation, washing and drying.

For the synthesis of CuS@HKUST-PDA nanoparticles,

tris–HCl (pH = 8.4) buffer was previously prepared. Then,

30 mg synthesized CuS@HKUST nanoparticles were

deposited in 5 ml ethanol, followed by adding 5 ml above

tris-HCl solution. Then, 10 mg dopamine was added. After

5-min stirring, the mixture was shocked in dark. And 2 h

later, the CuS@HKUST-PDA was collected by

centrifugation.

The morphologies of the CuS@HKUST and CuS@H-

KUST-PDA nanoparticles were characterized by scanning
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electron microscopy (SEM, HITACHI S-4800, Tokyo,

Japan). X-ray diffractometer (XRD, Bruker D8 Advance,

Germany) and Fourier transform infrared spectroscopy

(FTIR, AVANCE IIITMHD 400 MHz NanoBAY, China)

were used to test the structure and composition of the

CuS@HKUST and CuS@HKUST-PDA nanoparticles.

Ultraviolet–visible (UV–Vis, UV-2700, Japan) spec-

trophotometer was used to represent the nanoparticles’

abilities to absorb light.

2.2 Photothermal and photocatalytic measurement

In order to test the different nanoparticles’ photothermal

conversion ability, the photothermal curves were mea-

sured. The CuS@HKUST and CuS@HKUST-PDA

nanoparticles were dispersed in PBS solution at the con-

centration of 300 mg�L-1. Then, 200 ll above solutions

were separately deposited in 96-well plate and put under

808-nm light irradiation, with the PBS solution set as the

blank control. Every minute, the temperature of the solu-

tion was recorded. In order to test the photothermal sta-

bility of the nanoparticles, the solutions of different

nanoparticles were exposed to light for 5 min and then

moved into dark. During the repeated 3 cycles, the tem-

perature was recorded every minute.

2’,7’-dichlorofluorescein (DCF) was used as the ROS

detector to test the photocatalytic property of the different

nanoparticles. Firstly, the 2’,7’-dichlorofluorescein diac-

etate (DCFH-DA) was added into 0.01 mol�L-1 NaOH

solution. After 30-min stirring in the dark, DCF solution

was obtained [19]. The CuS@HKUST and CuS@HKUST-

PDA nanoparticles were dispersed in deionized water at the

concentration of 300 mg�L-1. Then, the prepared DCF

solution was added into the solution of CuS@HKUST and

CuS@HKUST-PDA, respectively. Finally, the solution

was irradiated by 808 nm light, and the fluorescence

intensity was measured by a microplate reader.

2.3 Antibacterial property of synthesized materials

The antibacterial properties of the CuS@HKUST and

CuS@HKUST-PDA nanoparticles were represented

through the method of plate spreading. Firstly, the

CuS@HKUST and CuS@HKUST-PDA nanoparticles

were added into the PBS (pH = 7.4) solution and dispersed

by ultrasonic concussion. Then, the solutions of CuS@H-

KUST (300 mg�L-1), CuS@HKUST-PDA (300 mg�L-1)

and PBS were mixed with the bacterial suspension

(1 9 107 CFU�ml-1). After that, the mixtures were

exposed to 808-nm light irradiation or kept in the dark.

And 20 min later, the suspensions were shocked and

diluted. Then, 20 ll diluted solution was spread on the

plate. After 24-h cultivation, the number of colonies on the

plates was calculated. The antibacterial property was cal-

culated as follows:

Antibacterial ratio ¼ 1� CFUexg=CFUcog

� �
� 100%

ð1Þ

where CFUexg is the colony-forming units (CFU) of the

experimental groups, CFUcog is the CFU of the control

group.

3 Results and discussion

3.1 Morphology and composition of synthesized
nanoparticles

Based on the previous research of our groups, the obtained

CuS@HKUST nanoparticles after 4-h sulfuration showed

the best antibacterial property against Staphylococcus

aureus (S. aureus) and Escherichia coli (E. coli) [15]. So in

this report, the CuS@HKUST used was the ones after 4-h

sulfuration. After in situ sulfuration, part of the Cu ions

within the HKUST nanoparticles were transferred into CuS

nanoparticles. And after a simple process of auto-poly-

merization, the CuS@HKUST-PDA nanoparticles were

synthesized, as shown in Fig. 1.

As shown in Figure S1, the CuS@HKUST nanoparticles

synthesized were blue-green. While after the CuS@H-

KUST nanoparticles were dispersed in the solution of

dopamine, the solution turned into black. And along with

the reaction time increasing, the solution turned to be more

and more black, indicating the auto-polymerization of

polydopamine over CuS@HKUST nanoparticles. Then,

SEM was used to characterize the morphologies of the

different nanoparticles to confirm that the CuS@HKUST-

PDA nanoparticles were successfully covered with PDA.

As shown in Fig. 2, the CuS@HKUST nanoparticles syn-

thesized were 6–12 lm in diameter. It could also be found

that the CuS@HKUST nanoparticles were typically octa-

hedral, with clear edges and corners, which was similar to

the previous report [15]. The results of EDS represented

that besides C, O and Cu, S could also be found in the

nanoparticles, which indicated the successful synthesis of

the CuS within the nanoparticles after sulfuration (Fig-

ure S2). Furthermore, the result of elemental mapping

showed that similar to C, O and Cu, S also dispersed all

over the nanoparticles uniformly. This meant that the CuS

nanoparticles were distributed evenly throughout the

nanoparticles (Figure S3). While after the CuS@HKUST

nanoparticles were covered with PDA, the shape of the

nanoparticles was still typically octahedral, though the size

of the nanoparticles grew a little bigger (8–15 lm in

diameter). However, the edge of the nanoparticles was

misty. And the surface of the nanoparticles was much
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rougher, with lots of attachment on it, as shown in Fig. 2.

This obvious change indicated that the CuS@HKUST

nanoparticles were fully covered with PDA. Furthermore,

from the results of elemental mapping and EDS, it was

obvious that all the elements C, O, Cu and S were dispersed

over the nanoparticles, indicating that the PDA was equally

covered above the nanoparticles.

In order to further confirm the CuS@HKUST nanopar-

ticles were covered with PDA, FTIR was performed. As

shown, in the spectrum of CuS@HKUST, obvious peaks

should be found at 1645.5, 1376.5 and 1189.4 cm-1

(Fig. 3a), which came from the stretching vibrational of

C = O, C–O and bending vibrational of O–H [20–22],

representing the existence of the carboxyl group. There

also existed one peak at around 730 cm-1, which indicated

the existence of Cu–O band. These results confirmed that

the HKUST nanoparticles were synthesized. Furthermore,

a peak at around 490 cm-1 could also be found, which

originated from the stretching vibrational of Cu–S bond,

confirming the successful synthesis of CuS [23]. Then, the

FTIR spectrum was also performed to test the composition

of CuS@HKUST-PDA. Firstly, in the spectrum, the peaks

appeared to be few and narrow, but not in large number of

wild, which represented that the dopamine was polymer-

ized into polydopamine, but not existed as the monomer

[24]. And it was also obvious that the peaks of CuS@H-

KUST-PDA were similar to those of CuS@HKUST. These

came from several respects. Firstly, the functional groups

Fig. 1 Scheme illustrating synthesis process of CuS@HKUST-PDA

Fig. 2 a Morphology of CuS@HKUST and CuS@HKUST-PDA; b elemental mapping images of CuS@HKUST-PDA
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of PDA and 1,3,5-benzenetricarboxylic acid are alike, as

shown in Figure S4. They both own benzene ring and

hydroxyl groups, so the characteristic peaks might be

similar. Moreover, for the CuS@HKUST-PDA, the newly

appeared bonds were N–H and C–N bonds, whose peaks

usually appeared around 1650–1550 and 1100–1200 cm-1,

which was coincident with that of COOH and O–H,

respectively [25]. So, in the spectrum of CuS@HKUST-

PDA, only some peaks were enhanced, but no new peaks

were found. And in the spectrum of CuS@HKUST-PDA,

there also existed obvious peaks at about 730 and

500 cm-1, which confirmed the retention of Cu–O and Cu–

S bond, respectively.

XRD was performed to test the structure of the MOFs

before and after coated with polydopamine (Fig. 3b). The

results showed that after modification with PDA, the

structure of the nanoparticles changed. In the spectrum of

CuS@HKUST, several sharp peaks could be found, con-

firming the structure of the HKUST and CuS. As shown in

Fig. 3b, in the XRD patterns of CuS@HKUST, strong

peaks were found around 11.5�, 13.4� and 18.8�. These
peaks were the characteristic peaks of HKUST [20, 26],

demonstrating the retention of the structure of HKUST

after sulfuration. And characteristic peaks of CuS could

also be found around 30� and 48�, which correspond to

(102), (103), (006) and (110) crystal facets of CuS, indi-

cating the successful synthesis of CuS [27, 28]. However, it

could not be ignored, compared with the previously

reported XRD pattern of the pure HKUST nanoparticles,

the spectrum of the CuS@HKUST nanoparticles was a

little wilder, with more small peaks appeared [26]. This

was because after the process of in situ sulfuration, the

synthesized CuS nanoparticles would compress and destroy

the 3D structure of the HKUST, resulting in the damage of

the construction, and thus the disorder of the peaks in the

XRD pattern. And it was apparent that after the

nanoparticles were coated with PDA, the main peaks still

appeared at the same position, which confirmed the part

retention of the HKUST structure, as well as the existence

of CuS within nanoparticles. However, it also could not be

ignored that the peaks were significantly weakened, indi-

cating the further disorder of the structure. This was

because the HKUST nanoparticles synthesized were not so

stable in water [20, 29]. And during the process of modi-

fication with PDA, the HKUST nanoparticles further col-

lapsed, resulting in the further disorder of the structure.

The nanoparticles’ dispersibility in water could also

confirm whether the CuS@HKUST nanoparticles were

modified with PDA. The PDA was strong hydrophilic

[24, 30], so if the nanoparticles were successfully covered

with PDA, the dispersibility of nanoparticles might be

enhanced. As shown in Fig. 4, after ultrasonic dispersion,

the CuS@HKUST and CuS@HKUST-PDA nanoparticles

both formed uniform turbid solution, though their colors

were different. The solution containing CuS@HKUST was

blue-green, while the one containing CuS@HKUST-PDA

was black. This was because the PDA synthesized through

the auto-polymerization of dopamine was black. So, when

the CuS@HKUST nanoparticles were covered with PDA,

it was rational to find that the nanoparticles turned into

black. It was obvious that the dispersion of the CuS@H-

KUST in water was quite poor. After 5-min standing, the

blue-green nanoparticles gradually sank, and the super-

natant liquid appeared to be lighter. Along with the time

increasing, the supernatant liquid was lighter and lighter.

And 20 min later, distinct two layers could be found in the

liquid, with nearly clear supernatant left. However, for

CuS@HKUST-PDA, the situation was different. Even after

20-min standing, the solution still appeared to be uniform,

without evident stratification. This result confirmed that the

CuS@HKUST-PDA nanoparticles were successfully cov-

ered with PDA from the side.

Fig. 3 a FTIR spectra and b XRD patterns of CuS@HKUST and CuS@HKUST-PDA
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3.2 Photothermal and photodynamic properties
of nanoparticles synthesized

After in situ sulfuration, part of the Cu clusters in the

HKUST turned into CuS. Because of the photothermal and

photocatalytic properties of the CuS [31, 32], it was

rational to speculate that the CuS@HKUST could produce

heat and free radical under 808-nm light irradiation. The

ability to absorb light has great effect on the photothermal

and photocatalytic properties of the nanoparticles. So, the

UV–Vis spectrum was first performed. As shown in Fig. 5,

it was obvious that the CuS@HKUST-PDA nanoparticles’

light absorbance was much higher than that of CuS@H-

KUST. This was because, as a kind of photothermal agent,

the PDA itself could also absorb light [33, 34]. When the

PDA and CuS@HKUST were combined, it was rational to

find that the nanoparticles could absorb much more light.

In order to verify the photothermal properties of the

CuS@HKUST and CuS@HKUST-PDA, heating and

cooling curves were performed. As shown in Fig. 6, under

808-nm light irradiation, both the CuS@HKUST and

CuS@HKUST-PDA could produce heat. And it was

obvious that after 5-min exposure, the temperature of

CuS@HKUST solution could reach around 42 �C, while

that of CuS@HKUST-PDA solution could reach as high as

56–57 �C. This result represented that the photothermal

conversion ability of CuS@HKUST-PDA was much higher

than that of the CuS@HKUST. This came from several

respects. Firstly, the CuS@HKUST-PDA could absorb

much more light than the CuS@HKUST, which was ben-

eficial for the production of heat [35, 36]. Secondly, after

modification with PDA, the nanoparticles’ dispersibility in

water was significantly improved, which could help pro-

duce heat. More important, both the PDA and CuS@H-

KUST could produce heat under light irradiation [33]. So,

when they were combined, it was rational to find that the

photothermal conversion ability was excellently enhanced.

It could also be found that when the light was moved away

after 5-min irradiation, the temperature declined. And

when the nanoparticles were irradiated again, the temper-

ature increased again in a similar way. This process could

be repeated several times without obvious changes, indi-

cating that both the CuS@HKUST and CuS@HKUST-

PDA had great photothermal stability.

Because of the existence of the CuS, the CuS@HKUST

could also produce free radical under light irradiation

[15, 37, 38]. In order to testify the influence of PDA on the

photocatalytic property of CuS@HKUST nanoparticles,

the DCF was used as detector to test quantitatively. The

DCF could react with the free radicals and resulted in the

increased intensity. So, there existed a positive correlation

between the amount of free radical produced and the flu-

orescence intensity. As the results shown in Fig. 6b, it was

obvious that after modification with PDA, the nanoparticles

could produce much more free radical under light irradia-

tion. There were several possible reasons. First, after

modification with PDA, the nanoparticles’ could absorb

much more light at around 808 nm, which benefited the

nanoparticles’ photocatalytic ability [39]. Moreover,

because of the unique structure, PDA could transfer the

electron produced in CuS, which resulted in the prevention

of the electron–hole recombination in CuS, and finally

improved the photocatalytic property of the nanoparticles

[40–42]. Furthermore, it could not be ignored that after

modification with PDA, much more heat could be produced

Fig. 4 Dispersibility of CuS@HKUST and CuS@HKUST-PDA in water

Fig. 5 UV–Vis spectra of CuS@HKUST and CuS@HKUST-
PDA

1 Rare Met. (2022) 41(2):663–672
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under light irradiation. And at higher temperature, both the

carrier mobility and indirect transition were improved,

which could also lead to the enhanced photocatalytic

property of nanoparticles [24, 43, 44]. At last, the PDA also

improved the dispersity of CuS@HKUST nanoparticles in

water, which also helped the production of free radical.

3.3 Antibacterial properties of synthesized
nanoparticles

S. aureus and E. coli were used as the model bacteria to test

the antibacterial property of the CuS@HKUST and

CuS@HKUST-PDA.

As shown in Fig. 7, when S. aureus were mixed with

CuS@HKUST or CuS@HKUST-PDA and kept in the dark

for 20 min, the antibacterial efficiency for CuS@HKUST

and CuS@HKUST-PDA was 18.25% and 9.54%, respec-

tively, representing that almost no bacteria were killed.

This result showed that neither CuS@HKUST nor

CuS@HKUST-PDA could kill S. aureus efficiently

through short period of direct contact in darkness. How-

ever, when the S. aureus were mixed with the CuS@H-

KUST or CuS@HKUST-PDA nanoparticles and exposed

to 808-nm near-infrared (NIR) light, the bacteria were

killed much more efficiently. And the antibacterial prop-

erty of the CuS@HKUST-PDA was much higher than that

of CuS@HKUST (i.e., the antibacterial efficiency against

S. aureus of CuS@HKUAT-PDA reached up to 99.77%,

while that against S. aureus of CuS@HKUAT was only

51.38%). When the different nanoparticles were mixed

with E. coli, the situation was similar (Figure S5). When

kept in darkness, neither the CuS@HKUST-PDA nor the

CuS@HKUST killed the bacteria efficiently (the antibac-

terial ratio of CuS@HKUST-PDA was 12.65%, and that of

CuS@HKUST was 27.8%). When the nanoparticles were

mixed with the bacteria and exposed to light, the

Fig. 6 Photothermal and photocatalytic properties of different nanoparticles: a heating and cooling curves of CuS@HKUST and
CuS@HKUST-PDA under 808-nm light irradiation; b intensity of mixture of DCF and CuS@HKUST or the CuS@HKUST-PDA after
exposure to 808-nm light irradiation (I: intensity of solution at different time points; I0: intensity of solution at the beginning)

Fig. 7 Antibacterial property of CuS@HKUST and CuS@HKUST-PDA against S. aureus: a plate spreading result representing
antibacterial property of different nanoparticles; b statistic analysis of plate spreading results
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antibacterial efficiency of CuS@HKUST-PDA reached up

to 99.57%, while that of CuS@HKUST was only 52.64%.

This might come from several reasons listed in the fol-

lowing. First, under light irradiation, the CuS@HKUST-

PDA could produce much more heat and free radical rad-

icals than CuS@HKUST (Fig. 6). And as shown in Fig-

ure S6, after 20-min irradiation under light, the temperature

of the CuS@HKUST-PDA could reach nearly up to 65 �C
finally, while the CuS@HKUST could only reach around

48 �C. So, when the bacteria were mixed with CuS@H-

KUST-PDA, the cell membrane, DNA, and functional

proteins would be attacked and significantly damaged by

the combination of high temperature and a large number of

free radicals [32], as shown in Fig. 8. Furthermore, for the

CuS@HKUST-PDA, because of the existence of PDA, the

nanoparticles’ interaction with the bacteria was enhanced,

which also benefited the attack of free radicals and heat

against bacteria. So, based on all these above, the

CuS@HKUST-PDA showed excellent broad-spectrum

antibacterial property.

4 Conclusion

In this paper, the highly efficient antibacterial material of

CuS@HKUST-PDA was designed. The Cu-based MOF,

HKUST was chosen as the basic material because its Cu

clusters could be transferred to CuS nanoparticles through

the simple process of in situ sulfuration. In this way, the

CuS nanoparticles were immobilized within the MOF

structure and could not gather with each other. And in

order to further improve the photothermal property of the

nanoparticles, PDA was used to modify the surface of the

nanoparticles, which could produce lots of heat under light

irradiation. Moreover, the PDA could also benefit heat

production by improving the dispersibility and light

absorbance of the nanoparticles. More importantly, the

PDA could also transfer the photo-induced electrons pro-

duced and thus prevent the recombination of holes and

electrons, resulting in the enhanced photocatalytic property

of the nanoparticles. Under the combination of the more

heat and free radicals, the CuS@HKUST-PDA

Fig. 8 Scheme illustrating mechanism of CuS@HKUST-PDA killing bacteria
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nanoparticles showed excellent broad-spectrum antibacte-

rial and had great potential to act as kind of antibiotic-free

antibacterial agent in many fields, such as instrument dis-

infection and environment depollution.
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